The application of different types of materials, e.g. coated high-strength materials and galvanized steels in the manufacturing of car bodies, requires the verification of their weldability. Despite the application of new, unconventional fusion welding technologies (CMT, laser), resistance spot welding holds a dominant position in the production of car bodies of lower and middle class. Resistance welding technology is characterized by a high rate of heating and cooling, thus affecting the final properties of the welded joint. The paper is focused on the structure analysis of the welded joint of high strength steel USIBOR 22MnB5 with Al-Si coating and galvanized mild steel H340LAD+Z140-M-B-O made by resistance spot welding.
INTRODUCTION
The current trend of construction of car body components is focused on applications of various types of materials. Among the most common materials are included galvanized steel sheets with different properties: CarbonManganese Steels, Bake Hardening Steels, Dual Phase Steels, Complex Phase Steels, Ferritic-Bainitic Steels, Martensitic Steels, Boron Ultra High Strength Steels (UHSS-B) [1] .
Zinc is applied to the steel sheet as a coating to provide atmospheric corrosion protection. Zinc coatings provide passive barrier protection as well as active cathodic protection. High strength of UHSS steels is obtained not only by alloying, but also by a special process of thermomechanical treatment. Depending on the type of thermomechanical treatment one can achieve a wide interval of yield strength and tensile strength of the material. Yield strength begins at approximately 430 MPa and after treatment and with the contribution of BH (Bake Hardening) effect it reaches up to 1770 MPa. Tensile strength is then moved to 500 ÷ 2034 MPa [2] . Due to the nature of the heat treatment, UHSS steel is covered with Al-Si coating.
The application of materials with different characteristics enables to reduce the thickness of the sheets of the outer shell body, resulting in total weight savings of the vehicle without reducing the safety and stability. Examples of car body components which are made of high strength steels are shown in Fig. 1. [3] Based on this, when manufacturing structures such as car body, one should address a topic of weldability of new types of steels, respectively different combinations of materials [4 ÷ 8] .
Currently, various welding techniques are used in car body components welding [9, 10] . Despite the indisputable advantages of using a concentrated source of energy in the processing of steel sheet [11, 12, 18] , resistance spot welding technology belongs among the most common techniques used when joining thin sheets.
The paper aims to evaluate the structure of welded joints of high strength steel USIBOR 22MnB5 with Al-Si coating and galvanized mild steel H340LAD + Z140-M-B-O by resistance spot welding.
THE METHODOLOGY OF EXPERIMENTS AND EXPERIMENTAL MATERIAL
For production of testing welded joints a galvanized mild steel sheet H340LAD + Z140-M-B-O (EN 10292) with 1,0 mm thickness has been used. The average thickness of the Zn layer was 10 µm [4] . As the second material a high-strength steel sheet marked as USIBOR 22MnB5 + AS150 (EN 10131-2.0) has been used with a thickness of 1.0 mm after thermo-mechanical treatment, which corresponded to hot pressing. The thickness of the protective Al-Si coating on cross-sections of metallographic samples ranged from 25 to 30 µm. Indicative chemical composition and mechanical properties of experimental materials are mentioned in Tab. 1÷4.
Samples for the production of resistance spot-welded joint were made from the drawn parts used to produce car body components. Mild steel sheet was coated with zinc coatings produced in continuous galvanizing process. AlSi coating for high strength USIBOR steel was affected by the changes caused by the hot pressing regime.
For resistance spot welding, only transferable medium frequency welding gun with built-in transformer type ARO-72500 (S50 56/KVA) was used. In the experiments the following welding parameters were used: welding current of 8 kA, welding time of 300 ms and welding force of 1,5 kN. Diameter of nugget measured on transverse sections reached 5,7 mm (Fig. 3) . Its size corresponds to the load bearing (1) expressed as follows [13] :
where h is sheet thickness.
The resistance spot welding will be significantly influenced by the state of the surface of the welded metal: roughness, finish coating [14, 19, 20] . Surface of hot dip galvanized sheets will consist of a solid solution of Fe in Zn (Eta phase). During the manufacturing of the coating by immersion in molten zinc, diffusion of Fe from the sheet metal into the coating occurs. Fe content in the resulting coating will thus increase towards the interface coatingsteel sheet. A higher content of Fe causes the formation of intermetallic phases of the type FexZny with different physical characteristics (hardness, thermal and electrical conductivity) [14] . Zn has a low melting temperature (420 °C). Zn evaporation temperature (907 °C) is more than 600 °C below the melting temperature of low carbon steel (1536 °C). During the process of resistance, welding of galvanized steel sheets the surface layer of zinc melts first. The welding force will squeeze molten Zn layer to the surroundings of the weld, which then solidifies. Fig. 2 clearly shows the location of contact of material with the electrode and the annulus area of the zinc coating which melted during welding and solidified during cooling of nugget. [21] In the areas where the temperature exceeds 907 °C, the zinc begins to evaporate. In case of improperly selected basic parameters of the welding process (welding current, welding time, welding force), pores or cold joints can occur due to evaporation of zinc (Fig. 3) . Given by the low melting evaporation temperatures of Zn, zinc contamination of the weld metal was not observed (Tab. 5).
The main function of Al-Si coating on high strength steel USIBOR 22MnB5 + AS150 is to prevent oxidation and decarbonisation of sheet surface during hot pressing [16, 19] . By heating to 950 °C for hot pressing diffusion of Fe into the coating takes place. The Fe diffusion changes the chemical composition of the coating through the entire thickness. Since Fe -Al alloy has a higher melting temperature than the original Al-Si coating (about 600 °C), during hot pressing the coating enriched with Fe is not in the liquid state. The structure of the coating -presence of Al, Si and Fe -will depend on the heating regime (holding time at the temperature of 950 °C). In a short time (30 seconds), the layer will be composed of the five sub-layers with weight percentage of Al (from the surface): 50, 30, 50, 30 and 10%. The phases Fe2Al5 and FeAl 2 were identified in the sub-layers adjacent to the surface [16, 22] . Due to the higher melting temperature of the coating, only point of contact of material with the electrode is visible from the side of high-strength steel USIBOR 22MnB5 + AS150 on the sheet surface (Fig. 2b) .
Joint surroundings is marked by spray of melted coating and its reaction with the air atmosphere without significant heat-affected zone (HAZ). Because the alloys of Fe -Al have an evaporation temperature higher than 2000 °C, the coatings based on Al-Si will not cause bubbles as in the case of galvanized steel welding.
In the analysis of the cross-section (Fig. 4a) at the nugget edges were identified the phases, which were incoherent with the basic matrix. A detailed analysis of selected sites (Fig. 4b) enabled to observe locally increased content of Al to 9% (Spectrum 3 and 4, Fig. 4b , Tab. 5). Al content is in line with the contents of this element in the sub-layer adjacent to the surface of the steel USIBOR 22MnB5 + AS150 [16] . The source of inclusions detected at the weld nugget edge was Al-Si coating parts of the highstrength steel sheet. Weldability of mild and high-strength micro-alloyed steels can be analysed based on several criteria. The basic criteria are the carbon content and carbon equivalent. Although for the modern micro-alloyed steels assessing the weldability in terms of chemical composition standard Pcm is used, for assessing the weldability of steels with higher carbon content C = 0,15 ÷ 0,3% it is more recommended to use a known standard carbon equivalent according to IIW:
On the other hand, VW standard 01105-1:2007 indicates a condition of suitability of the steel material for the resistance spot welding of carbon content to 0,25% (max. 0,3%) [23] . In evaluating the hardness of unalloyed and low-alloyed steel an equivalent according to DVS 2902-2 [24] is recommended for calculating the carbon equivalent:
Based on the chemical composition of the material H340LAD + Z140-M-B-O one can conclude that it is a steel with guaranteed weldability -C content = 0,1%, CE(IIW) = 0,27%. For micro-alloyed steel USIBOR 22MnB5 (Tab. 1), the resulting value of the carbon equivalent is CE(IIW) = 0,62%, according to DVS 2902-2 CE = 0,48%. As the carbon equivalent CE(IIW) exceeds 0,45%, a high hardness (above 380 HV) of weld metal and HAZ structure after welding is expected. For this reason, DVS standard 2902-2 (and DVS standard 2905) indicates the maximum hardness in the weld nugget and HAZ 550 HV 0.2.
Resistance spot welding is characterized by a high cooling rate, which can reach up to 10 5 °C/s. For welding of carbon-manganese steel with carbon content of critical value (C>0,2%) respectively carbon equivalent (CE(IIW) >0,45%), this fact will be demonstrated by a high representation of non-equilibrium transformed structures with high hardness -martensite and lower bainite in a melt zone of the weld nugget. To calculate the hardness of the martensitic structure according to the carbon content of steel, we can use the equation [17] :
where CE Y is carbon equivalent based on Yurioka. Microhardness of the weld joint was measured in two lines -from the side of galvanized mild steel H340LAD + Z140-M-B-O and from the side of steel USIBOR 22MnB5 (Fig. 5) . Microhardness charts are documented in Fig. 6 The structure of the spot-welded joint of galvanized steel H340LAD + Z140-M-B-O with high strength steel USIBOR 22MnB5 + AS150 is documented in Fig. 7 . We assume that the nugget was formed by mixing of equal volume of melted mild steel H340LAD + Z140-M-B-O and high-strength steel USIBOR 22MnB5 + AS150 (Fig. 4a) . In the weld metal (WM), there was a reduction in the carbon content compared to its representation in the material USIBOR (Tab. 3), which would affect the hardness of the weld. The measured hardness values of WM martensitic structure (Fig. 8a) with an average hardness of 410HV0.2 were only slightly lower than the hardness of base material USIBOR 22MnB5 + AS150 (Fig. 6) .
From the side of high-strength steel USIBOR 22MnB5 + AS150, the structure of highly-heated heat-affected zone (Coarse Grain -CG HAZ) was formed by transformation of austenite which was superheated above temperature Ac3 during rapid cooling. The dominant structural component is martensite here as well (Fig. 8b) , therefore CG HAZ has the hardness only little bit different from the WM hardness -from 410HV0.2 to 520HV0.2 (Fig. 6) .
In the transition region to the base material (BM) at temperatures between A c3 and A c1 (Fig. 7) , only a partial recrystallization of BM structure occurred. This area is compared to CG HAZ much finer grain (Fig. 9a) . Partial austenitizing and subsequent martensitic transformation of the austenite gave rise to martensitic -ferritic structure without changing the hardness compared to CG HAZ (Fig.  6) . A significant decrease in hardness has been made on the area heated just below A c1 (Fig. 6) . The structure is composed of ferrite and tempered martensite with a hardness of 290 to 340HV0.2 (Fig. 9b) .
The hardness of the base material USIBOR 22MnB5 + AS150 was around 445HV0.2 (Fig. 6) . The structure was composed of martensite and residual austenite (Fig. 10) . The results of the measured hardness of the weld metal structure correspond to the values obtained by calculation using Eq. (4) and correspond to those material properties after the thermo-mechanical treatment (hot pressing) [2] . HAZ from the side of mild steel H340LAD+Z140-M-B-O was influenced not only by the high cooling rate, but also a change in the chemical composition, especially in carbon content. Mixing the material with low carbon content (H340LAD + Z140-M-B-O) with the material with higher carbon content (USIBOR 22MnB5 + AS150) in the weld metal has caused the formation of the hard martensitic structure with high hardness. One can conclude that for the high welding temperature the C diffusion from the weld metal into CG HAZ of mild steel H340LAD-Z140-M-B-O will occur. Carbonisation and overheating of the material to a high temperature have led to creation of the multiphase structure with an increased representation of the upper bainite and martensite (Fig. 11) . This corresponded to the CG HAZ hardness whose average value was 330HV0.2 ( Fig. 6) .
HAZ area heated between temperatures A c3 and A c1 was characteristic by a significant decrease of the grain size (Fig. 6) . The main structural components are ferrite and transformed perlite (Fig. 11b) , which led to a fall in the average value of hardness 230HV0.2.
The BM of galvanized mild steel H340LAD+Z140-M-B-O had a ferrite -perlite microstructure with average hardness 160HV0.2 (Fig. 12) .
CONCLUSIONS
From the obtained results, we can make the following conclusions: 1) When welding combined joints of galvanized mild steel H340LAD + Z140-M-B-O and high-strength micro-alloyed steel USIBOR 22MnB5 coated by Al-Si we did not observe contamination of joint by Zn coating. The reason is the low evaporation temperature of Zn, which is more than 600 °C below the melting temperature of low carbon steel. In the weld structure, however, we identified inclusions with a high content of Al, whose source is the coating of welded highstrength material. The cause of contamination is the formation of AlxFey phases during thermo-mechanical treatment (hot pressing) with the evaporation temperature above 2000 °C. 2) In assessing the properties of weld nugget we assumed that the weld metal was created by mixing of molten material of mild and high-strength micro-alloyed steels in a ratio of 1/1. Despite this assumption, the difference in hardness of the weld metal structure and highlyheated HAZ from the side of high-strength microalloyed steel USIBOR was small (CG HAZ hardness ranged from 410HV0.2 to 520HV0.2, the average hardness of WM was 445HV0.2). The high cooling rate of the material with a high carbon content (C = 0.2%, CE (IIW) = 0.62%), resulted in the formation of martensitic structures in WM and CG HAZ. The critical areas from the side of the high-strength microalloyed steel seem to be the HAZ area, where the heating of the material just below Ac1 occurred. The zone is characterized by a significant drop in hardness (290 to 340HV0.2), structure is here composed of ferrite and tempered martensite. The criterion of the maximum hardness of the weld joint (550 HV 0.2) from the side of the high-strength steel USIBOR was met according to DVS 2902-2 and DVS 2905. 3) Hardness of HAZ from the side of mild steel from weld towards BM has steadily decreased. The cause of increased hardness CG HAZ (330HV0.2) was martensitic -bainitic structure. The final properties of CG HAZ have been caused by the partial carbonisation and high cooling rate. Hardness of BM (160HV0.2) corresponded to the original ferrite -perlite structure.
The results given in this paper were obtained as part of research project VEGA 1/0385/15.
